Biosensing has developed tremendously since it was demonstrated by Leland C. Clark Jr. in 1962. ZnO nanomaterials are attractive candidates for fabricating biosensors, because of their diverse range of nanostructures, high electron mobility, chemical stability, electrochemical activity, high isoelectric points which promote enzyme adsorption, biocompatibility, and piezoelectric properties. This review covers ZnO nanostructures applied in enzyme biosensors, in the light of electrochemical transduction and field effect transduction. Different assembly processes and immobilization methods have been used to load enzymes into various ZnO nanostructures, providing enzymes with favorable micro-environments and enhancing their sensing performance. We briefly describe recent trends in ZnO syntheses, and the analytical performance of the fabricated biosensors, summarize the advantages of using ZnO nanostructures in biosensors, and conclude with future challenges and prospects.
INTRODUCTION
A biosensor is an analytical device consisting of a biomatrix (e.g., enzymes, antibodies, nucleic acids, receptors, organelles, microorganisms) and transducer (e.g., electrochemical, photometric, acoustic/mechanical, piezoelectric, calorimetric), which converts biological information into measurable signals [1] [2] [3] . Enzyme biosensors in particular have attracted much attention [4] . Enzymes are sensing elements with specificity and catalytic properties. They have been widely integrated with transducers by various immobilization techniques (e.g., physical adsorption, cross-linking, covalent linkage, embedding, encapsulation, entrapment) to construct biosensors. Such biosensors have been applied in medical diagnostics, health care, food industries, agriculture, military and defense industries, environmental monitoring and biotechnology [5] . Fig. 1 shows the fundamental working principles of an enzyme biosensor.
Characterization techniques have been improved, and new synthesis methods have been developed in recent years. This has led to a focus on enhancing biosensor performance by incorporating nanomaterials, and ZnO has been an attractive candidate. Its diverse range of nano-structures includes particles, wires, rods, needles, belts, tubes, fibers, tetrapod-like, flower-like and hedgehog-like morphologies. ZnO possesses significant sensing surface, chemical stability, a wide direct band gap (3.37 eV), large excitation binding energy (60 meV), high refractive index (2.0041), high electron mobility (210 cm 2 V −1 s −1 ), low toxicity, and piezoelectric and ultraviolet protection properties. ZnO is biocompatible [6, 7] and has a high isoelectric point (IEP) of ~9.5, which is suitable for electrostatically adsorbing proteins with low IEPs [8] [9] [10] . ZnO is relatively stable at physiological pH, compatible with biological fluids and species [6] , and therefore suitable for in vivo application. While the redox capabilities of enzymes are not typically enhanced because of their insulated redox centers, specific ZnO nanostructures can facilitate direct electron transfer (DET) between enzyme electroactive sites and external electrodes [9, [11] [12] [13] [14] . The synthesis of ZnO nanostructures by different techniques has promoted the fabrication of enzyme biosensors.
In the following sections we review the state-of-the-art ZnO nanostructure-based enzyme biosensors, including ZnO syntheses, and biosensor construction and performance. We discuss how the development of nanotechnology may promote sensing, and highlight the essential characteristics of ZnO nanostructure-based enzyme biosensors, to allow for advancement of biosensing techniques.
. (2)
The morphology of the nanostructure significantly affects its electrochemical properties, so numerous ZnO nanostructures have been investigated for application in glucose biosensors. The following discussion progresses from simple nanostructures to complex nanohybrids, to illustrate the influence of ZnO nanostructure on the glucose biosensor performance.
Simple ZnO nanostructures for GOx immobilization
Nanostructure matrices provide a solid support for immobilizing sensing molecules. The physical, chemical and surface properties of the desired support determine the method of enzyme immobilization, the nature of the immobilized sensing molecules, and the overall biosensor performance [24] . ZnO matrices are superior to their TiO 2 analogues, with respect to the adsorption and bioelectrochemistry of proteins [25] . The high surface-to-volume ratio of ZnO nanostructures provides a large specific surface area for the adsorption of GOx, and thus comparatively more active sites for catalysis. In the traditional method, ZnO nanostructures are transferred to the surface of a working electrode to form a thin layer as the modification on transducers. ZnO nanotetrapods possessing four single crystalline legs were synthesized by vapor-phase transport (Fig. 2a) [26] . The nanotetrapods were transferred onto a standard Au electrode, to form a multiterminal network GOx adsorption layer. The three-dimensional (3D) structure based on ZnO nanotetrapods enhanced the sensitivity for glucose (25.3 μA mM −1 cm −2 ), resulting in a detection limit of 4 μM. The linear response range was 0.005-6.5 mM, and the response was stable. The result was attributed to the one-dimensional (1D) structure of individual nanotetrapods, their 3D stacked network, and their multiterminal electron communication capability. A carbon paste electrode modified with ZnO nanoparticles (NPs) of diameter <100 nm was applied in a biosensor [27] , which exhibited a linear response range of 9.1×10 −3 -14.5×10 −3 mM, with high selectivity and reproducibility. The apparent Michaelis-Menten constant (K M app ) and maximum reaction current response (I max ) were 0.124 mM and 2.033 μA, respectively. This indicated that the ZnO NP-modified carbon paste maintained the activity of GOx, and provided suitable pathways for electron transfer between GOx and the electrode. The determination of glucose in human serum demonstrated the practical application of the ZnO NP-modified carbon paste, at a 95% confidence level. ZnO nanocombs (Fig. 2b) were also synthesized by vapor phase transport [9] , and their structure was investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and selected area electron diffraction. The ZnO nanocombs were used as the support material in a biosensor, which exhibited a sensitivity of 15.33 μA mM −1 cm −2 without the presence of an electron mediato r, and a K M app of 2.19 mM. The single crystalline ZnO nanocombs provided many electron transfer channels, which enhanced sensor performance. Ahmad et al. [28] prepared ZnO nanofibers with diameters of 195-350 nm through electrospinning, which is widely used to produce polymer fibers. A single nanofiber was transferred to a Au electrode, and functionalized with GOx to yield a glucose biosensor. Exposure to ultraviolet light for 2 h increased the current response of the ZnO NP-based glucose biosensor by ~30%, and the detection limit decreased by two orders of magnitude, compared with the response in the absence of light [29] . However, the mechanism of the enhanced photoelectrochemical response was not clearly elucidated.
In contrast from transferring ZnO nanostructures to an electrode surface, nanostructures have also been di-
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rectly grown on transducers (Fig. 2c) . ZnO nanorods were directly grown via hydrothermal decomposition on a Au electrode [30] . In phosphate buffered solution at pH 7.4, negatively-charged GOx was electrostatically immobilized on positively charged ZnO. The resulting sensor exhibited a linear response in the range of 0.01-3.45 mM, and a sensitivity of 23.1 μA mM −1 cm −2 . A Nafion membrane layer was then introduced outside the ZnO nanorod film, and the resulting biosensor exhibited excellent selectivity against uric and ascorbic acids. This demonstrated the protection properties of Nafion, which can suppress anionic interference [31] . The aspect ratio (AR) of the well-aligned ZnO nanorods grown directly on a Si/Ag electrode was controlled to optimize the performance of the resulting biosensor [32] . The biosensor with an AR of 60 exhibited a sensitivity of 110.76 μA mM −1 cm −2 , a K M app of 0.137 mM, and a response time of < 1 s. This demonstrated that the ZnO nanorod array with high specific surface area provided a favorable microenvironment for immobilized GOx, and efficient electroconducting tunnels for electron transfer. Kim et al. [33] improved the performance of glucose sensors, by tailoring the surface area of ZnO nanorod array. Aligned ZnO nanorods grown directly on the electrode exhibited better performance than randomly distributed nanorods. This was attributed to the aligned single crystal nanorods facilitating faster heterogeneous electron transfer, and electrons only having to travel down a single rod, rather than jumping between rods before transferring into the electrode. Pradhan et al. [34] deposited a ZnO nanorod array on a Au-coated polyester substrate, to form a flexible enzymatic glucose biosensor. This illustrated the feasibility of realizing light-weight, flexible, high-performance sensing devices using ZnO nanostructures.
The influence of the two above-described assembly processes on biosensing performance was directly compared by Lei et al. [35] , who constructed biosensors based on transferred and directly grown ZnO nanorods. That based on the ZnO nanorod array directly grown on a Au electrode exhibited better performance than that based on a transferred ZnO nanorod powder. This was consistent with the above-described experiments, and demonstrated the importance of good electrical contact between the nanomaterial and electrode. Another important contact exists between the enzyme and the nanomaterial, which can also significantly affect biosensor performance. The effect of the coupling agents, (3-aminopropyl) trimethoxysilane, (3-aminopropyl) triethoxysilane, and (3-aminopropyl) methyldiethoxysilane (APS), on the covalent immobilization of GOx on ZnO nanorods was studied [36] . The APS-treated glucose sensor exhibited the highest sensitivity and lowest K M app , which was attributed to the APS-treated ZnO nanowires containing the largest number of C-N Immobilizing GOx on more complex ZnO nanostructures as working electrodes to detect glucose has also been investigated [12, [37] [38] [39] [40] [41] [42] [43] . Yang et al. [37] prepared a highly oriented single-crystal ZnO nanotube array (Fig. 2d ) through a two-step electrochemical/chemical process, on indium-doped tin oxide (ITO)-coated glass in aqueous solution. The sensitivity and linear calibration range of the biosensor were 30.85 μA mM −1 cm −2 and 10 μM-4.2 mM, respectively. A similar ZnO nanostructure was synthesized by chemically etching ZnO nanorods, electrochemically deposited on a Au surface [38] . GOx was then immobilized by cross-linking. The resulting biosensor exhibited a sensitivity, linear range, and detection limit of 21.7 μA mM −1 cm −2 , 50 μM-12 mM, and 1 μM, respectively. Both biosensors exhibited a wider linear range than the ZnO nanorod-based biosensors. The superior performance of the ZnO nanotubes was attributed to their porous structure, which provided a higher surface area than the flat nanorods. The 3D structure may also have prevented GOx from aggregating, and allowed H 2 O 2 to rapidly diffuse to the electrode for oxidation. Tetragonal pyramid-shaped porous ZnO nanostructures were synthesized, and their high surface area and good compatibility with enzyme molecules were exploited for GOx immobilization [12] . The high efficiency of the nanostructure as an enzyme matrix was evident from its electron transfer rate constant (k s ) of 7.5 s −1 , during the direct electrochemical process. The formal potential of −0.464 V is comparable to the standard electrode potential of −0.46 V (vs. the saturated calomel electrode), for flavin adenine dinucleotide (FAD)/FADH 2 at pH 7.0. For a practical serum sample, the biosensors exhibited good accuracy and practicability, with recoveries of 95%-103%. A potentiometric intracellular glucose biosensor was fabricated, by immobilizing GOx on nanoflake ZnO grown on the tip of a borosilicate glass capillary [40] . The nanoflake ZnO (Fig. 2e) had a wall thickness of ~200 nm, and formed a honeycomb structure. The structure provided a large surface area to offset the small capillary tip, and led to a high capture efficiency. The potential difference of the biosensor showed linear dependence with the logarithem of the glucose concentration from 500 nM to 10 mM, and the response time was ≤ 4 s. Intracellular glucose measurements in human adipocytes and frog oocytes were consistent with the previously reported values. The monitoring capability of the sensor was demonstrated by the increased intracellular glucose concentration induced by insulin treatment. Overall, nanoflake ZnO is promising for the reliable measurement of intracellular glucose concentrations in living cells. A similar intracellular biosensor based on hexagonal ZnO nanorods grown on the tip of a Ag-covered borosilicate glass capillary was also reported [41] .
Biological systems can provide an ideal environment for synthesizing nanomaterials with controlled morphologies and crystal structures [44] [45] [46] . Nanostructures replicated from biological templates can combine the merits of the material itself and the biological structure. Biomorphic porous ZnO nanostructures were synthesized through an aqueous sol-gel soaking process, using pieces of apple flesh and skin as templates. The resulting nanostructures were exploited in glucose direct electrochemical biosensors [42] . The nanostructure prepared using the apple skin template better facilitated the electron transfer of immobilized GOx, than that prepared using the apple flesh. This may be because of the differing morphology and smaller average crystallite size of the former nanostructure. Silk was proposed as a biotemplate for fabricating mesoporous multiwalled ZnO nanotubes for glucose biosensing [43] . The prepared nanostructure possessed a size-adaptive mesoporous micro environment for enzyme loading, and excellent water permeability for analyte diffusion. The biosensor had a response time of ≤ 2 s, which was attributed to the fast diffusion of reactants, and 1D channels facilitating electron transfer.
ZnO-based nanocomposites for GOx immobilization
Nanocomposites of ZnO (and other nanomaterials) including metal oxide semiconductor-metal hybrids and inorganic-organic hybrids [53] , have also been used as matrices for enzyme immobilization. The hybridization of individual nanostructures can combine or even improve the properties of each component.
An organic-inorganic hybrid of mesoporous ZnO/chitosan with a single 1D nanostructure (Fig. 2f) , was used to fabricate a probe-type glucose biosensor. This demonstrated the feasibility of using a single 1D nanostructure as a nanoprobe for biosensing in single cells or microorganisms [47] . A core-shell nanocomposite based on ZnO encapsulated by chitosan-graft-poly (vinyl alcohol) (PVA) was used to fabricate a potentiometrically-tuned glucose biosensor [54] . It exhibited fast surface-controlled redox biochemistry, with a detection limit of 0.2 μM, a linear range of 2 μM-1.2 mM, and a sensitivity of > 0.04 V μM −1
. The latter was attributed to the catalytic nature of the ZnO NPs, and the favorable adsorption of GOx by the biocompatible nanocomposite. The organic outer layer provided a compatible microenvironment for GOx, which promoted the performance of the biosensor.
Metal NPs are typically characterized by their high surface activity, large specific surface area, good electron conductivity, strong biomolecule adsorbability and biocompatibility [55] [56] [57] . Wei et al. [58] grew Au nanocrystals on the surface of ZnO nanorods, via a facial hydrothermal route. The resulting composite was used as a matrix to entrap
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GOx via cross-linking. The resulting biosensor exhibited a linear response to glucose over the concentration range of 0.1-33.0 μM, and a detection limit and sensitivity of 10 nM and 1, 492 μA mM −1 cm −2 , respectively. In a Au-coated ZnO nanorod array-based biosensor [59] , the ZnO/Au interface acted as a Schottky barrier, blocking electron transfer from ZnO to the enzyme. This increased the electron density at the ZnO conduction band, and improved the efficiency of the glucose sensor. ZnO nanorods were functionalized with a Au/Pt hybrid, in a multi-step chemosynthesis [60] . The resulting nanocomposite was used as an amperometric glucose biosensor. The high electrocatalytic activity of the composite resulted in the biosensors linear range of 1.8 μM-5.15 mM and detection limit of 0.6 μM. Huh et al. [61] modified a periodic hybrid Au/ZnO array, for use as an electrochemical glucose biosensor. The nanostructure was created by heat treating a spin-coated zinc acetate-PVA-Au layer on a surface relief grating, without requiring complex or expensive processing. Prickly ZnO/Cu nanocomposites ( Fig. 2g) were grown directly on electrode substrates via the corrosion method [48] . The resulting composite had a large specific surface area, and led to improved electrical contact and sensing, thus providing a good platform for direct electrochemical reaction by the enzyme. In such decorated nanocomposites, the ZnO nanostructures serve as nucleation sites for metal nanomaterial growth at surface defects, and as electrical contacts to the metal NPs for integration into devices. Doped ZnO nanostructures have been investigated for use in glucose biosensors. NiO-doped ZnO nanorods were hydrothermally prepared, and exploited in an amperometric glucose biosensor [62] . The biosensor exhibited a maximum electrochemical performance when the doping concentration was 7%. The NiO-doped ZnO nanorods had a high effective surface area, and thus a high number of active sites that favored GOx adsorption. The sensor exhibited a sensitivity of 61.78 μA mM −1 cm −2 . Porous ZnO: Co nanoclusters with an average particle size of 5 nm were synthesized by nanocluster-beam deposition. They were incorporated into a glucose sensor via Nafion-assisted cross-linking [63] . The ZnO: Co nanostructure had a high number of active sites, and high electrocatalytic activity.
Interest in carbon nanomaterials has increased tremendously in recent years, with graphene and carbon nanotubes (CNTs) having received much attention [64, 65] . ZnO nanocomposites containing these nanomaterials have also been applied in biosensors [11, 13, 14, [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Graphene/ ZnO NPs hybrids (Fig. 2h) were used in a glucose biosensor with DET capability [13] . Zinc benzoate dihydrazinate was used as a single source precursor, to generate ZnO NPs which uniformly decorated graphene nanosheets at 200°C. The resulting nanohybrids exhibited antibacterial activity against E.coli, a gram negative bacteria, suggesting their potential in biosensing and bioengineering. ZnO NPs [14, 72, 73] , ZnO micro-sponges [74] , ZnO micro-flowers [75] , and ZnO trigonal/tetragonal pyramids [76] were electrochemically deposited on multiwa lled carbon nanotubes (MWCNTs) [14,72−74] and reduced graphene oxide [75, 76] , respectively. The resulting biosensors exhibited good electrocatalytic activity with fast electron transfer towards glucose. ZnO NPs were incorporated on MWCNTs by a microwave-assisted hydrothermal method, to realize the direct electrochemistry of GOx [14] . A similar report based on the same structure demonstrated a sensitive and stable glucose biosensor. This was attributed to the synergistic effect of the negatively-charged MWCNTs and positively charged ZnO NPs, and a polydiallyldimethylammonium chloride layer to suppress GOx leakage [72] . Besides, anti-interference capability to common chemicals was acquired by applying a lower working potential. This was attributed to the high electrocatalytic activity towards H 2 O 2 , through the adoption of ZnO/MWCNTs. While introducing MWCNTs promoted the electrocatalytic properties of these biosensors, the biosensor mechanism was unclear. Most MWCNT reagents contain metal impurities derived from catalysts used during growth, which likely contribute to the observed electrochemical activity. Such interference complicates the understanding of the electrochemical mechanism, but demonstrates that electrochemical performance can be promoted by introducing catalytic metal NPs, which is consistent with the previous discussion.
A bioelectrode that detected glucose was even prepared by integrating stable high-conductivity carbon into the 1D channels of ZnO nanowires with good electron transfer properties [11] . A ZnO nanowire array was coated with a thin layer of carbon by carbonization, without any observed NPs or aggregates. CV indicated that the electrode exhibited a pair of well-defined redox peaks, indicating the fast direct electrochemistry of GOx.
Detection of other analytes
Detecting uric acid in physiological fluids is important for diagnosing disorders associated with altered purine metabolism. Equations (3) and (4) describe the uricase catalyzing reaction:
Uric acid + O2 → Allantoin + CO2 + H2O2,
A reagentless uric acid biosensor based on uricase-functionalized ZnO nanorods exhibited good thermal stability, anti-interference capability, and DET. It had an estimated K M app of 0.238 mM [77] . Introducing a stabilized lipid film between the ZnO and enzyme increased the activity duration of the uricase [78] , and the positively charged lipid © Science China Press and Springer-Verlag Berlin Heidelberg 2015 SCIENCE CHINA Materials REVIEWS film contributed to the sensitivity. Ali et al. [79] electrostatically immobilized uricase on ZnO nanoflakes, which were hydrothermally prepared at low temperature on Au-coated glass. The resulting uric acid biosensor exhibited a sensitivity of ~66 mV decade −1 , a logarithmic concentration range from 500 nM to 1.5 mM, and good selectivity against ascorbic acid, glucose and urea. N-doped ZnO thin films [80, 81] and tetrapod-shaped ZnO nanostructures [82] hav e also been exploited as matrices in uric acid biosensors.
The catalytic reaction of lactate oxidase (LOD) in the detection of L-lactic acid is described by Equations (5) and (6):
L-lactic acid + O2 → Pyruvate + H2O2,
LOD was fixed on ZnO nanorods using a glutaraldehyde cross-linker. The resulting potentiometric electrochemical sensor exhibited a sensitivity of ~41 mV decade −1 , and a detection range from 0.1 μM to 1 mM [83] . A ZnO nanotetrapod network was used to adsorb LOD, because of its favorable 3D structure and electron transport properties [84] . ZnO NPs were decorated on MWCNTs (Fig. 2i) , to provide a favorable microenvironment for LOD [49] . An electrochemiluminescence lactic acid biosensor based on the same structure was proposed, by combining analytical electrochemistry and luminescence spectroscopy [85] . A low detection limit (4 nM) was a result of the low background signal of the luminescence technique. The high electrocatalytic activity of the enzyme was retained by the nanohybrid.
The concentration of serum cholesterol is strongly correlated with many cardiovascular and cerebrovascular diseases. Accurately determining cholesterol levels in human blood is therefore important. The enzymatic reaction of cholesterol oxidase (ChOx) in cholesterol biosensors is described by Equations (7) and (8):
Cholesterol + O2 → Cholest-4-en-3-one + H2O2,
H 2O2 → O2 + 2H + + 2e
A ZnO nanostructured thin film was synthesized by vapor phase transport, and then loaded with ChOx. The resulting biosensor exhibited a of 1.08 mM, which indicated the high affinity of ChOx towards cholesterol [86] . Porous ZnO micro-tubes (Fig. 2j) were constructed using 3D assembled porous flakes. Giri et al. [50] exploited this structure in a cholesterol sensor, which exhibited a sensitivity of 54.5 μA mM −1 cm −2
. Ahmad et al. [87] grew an AR-controlled ZnO nanorod array on a Ag electrode, which was incorporated in a cholesterol biosensor, with a sensitivity of 74.10 μA mM −1 cm −2 and an upper detection limit of 16.0 mM. It exhibited anti-interference capability against electroactive species such as glucose, ascorbic acid, L-cysteine and uric acid. Wang et al. [88] reported Pt/Au hybrid-functionalized ZnO nanorods combined with a MWCNT layer, as a matrix for immobilized ChOx. Fig. 3 illustrates the preparation of this biosensor. The components interacted with each other, providing a favorable environment for the enzyme, and enhancing the analytical response of the biosensor. The detection limit was 0.03 μM. The enhancement was induced by the combination of the ZnO nanorods, nano Pt/Au and MWCNTs, which indicated the potential of nanocomposites in biosensing. ZnO thin films grown by pulsed laser deposition [89] , and ZnO nanowalls with a lipid membrane [90] , have also been used as platforms for ChOx immobilization.
ZnO nanorods were hydrothermally synthesized on Au wires, and used in the detection of H 2 O 2 [91] . Poly(sodium-4-styrenesulfonate) (PSS) and horseradish peroxidase (HRP) layers were alternately immobilized on the ZnO surface. The multilayer structure largely retained the activity of the enzyme, with a K M app of 10.72 μM when three HRP layers were incorporated. A ZnO film containing electrodeposited Ag NPs was used in a H 2 O 2 biosensor, which exhibited an ideal detection limit of 2 μM [92] . The threefold sensitivity enhancement (compared with the biosensor not containing ZnO) was attributed to the ZnO film facilitating the formation and distribution of the Ag NPs. HRP was effectively immobilized, based on the studies of the flower-like ZnO-Au NP-Nafion composite [93, 94] . The biosensor demonstrated direct electrochemistry with enhanced electrocatalytic activity towards the reduction of H 2 O 2 . Other groups have immobilized HRP on flower-like ZnO/chitosan (Fig. 2k) [51] , multiple forklike ZnO/ chitosan (Fig. 2l) [52] , and ZnO/poly[aniline-co-sodium N-(1-one-butyric acid)aniline] organic-inorganic composites [95] .
Well-aligned single-crystal ZnO nanorods grown on Au-coated glass have been used for sensing penicillin. The nanorods were grown using a low temperature aqueous chemical method. The penicillinase enzyme was immobilized on the nanorods, via a N-5-azido-2-nitrobenzoyloxysuccinimide cross-linker [96] . Potentiometric investigation indicated that the sensor exhibited a linear response over a logarithmic concentration range from 100 μM to 100 mM,
CS-MWCNTs
Pt-Au@ZnO NRs ChOx Figure 3 Preparation of the ChOx/Pt-Au@ZnO nanorod/chitosan-MWCNT biosensor [88] (Reproduced with permission from Elsevier).
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and a sensitivity of ~121 mV decade −1
. The sensor exhibited negligible response to common interferents such as Na + , K + , D-glucose, L-glucose, ascorbic acid, and uric acid, so it is applicable in fermentation, medicine, and other related fields.
A positively charged ZnO sol-gel matrix [97] , 3-aminopropyltriethoxysilane and tetraethoxysilane biofunctionalized ZnO nanorod microarrays [98] , and CNT-ZnO-Nafion mesoporous composite films [99] have been shown to provide a favorable microenvironment for tyrosinase in tyrosine biosensors. Xanthine oxidase was covalently immobilized on a ZnO NPs/chitosan/MWCNTs/polyaniline composite, which was used to quantify xanthine in fish meat, providing potential application in quality control of fish industries [100] .
Performance comparisons of ZnO nanostructures
Chemical vapor deposition (CVD) and hydrothermal processes are the most common approaches to controllably synthesize ZnO nanostructures. CVD typically involves exposing wafers to precursors, which react and/or decompose on the substrate surface to acquire the expected products. CVD can produce versatile ZnO nanostructures of high crystallinity, but is expensive and involves high energy consumption. Its low yield restricts its mass application. The simplicity and environmentally-friendliness of hydrothermal processes has promoted their popularity. Synthesis is carried out in aqueous media, with growth temperatures controlled at lower than the boiling point of water at a given pressure. A typical hydrothermal process involves preparing a ZnO seed layer from a zinc salt solution (e.g., zinc acetate hydrate nanocolloid) through the sol-gel route, and maintaining the immersed substrate at a certain temperature for several hours. ZnO nanostructures with precise morphologies can be prepared by adjusting the reaction conditions, such as the precursor concentration, growth time, temperature and pH. This method is suitable for growing large-scale high-quality crystals of controlled composition.
The performance of the biosensor primarily depends on the size, morphology, crystallinity, surface states and physical and chemical properties of the ZnO nanostructure. Therefore, an appropriate synthesis method and nanostructure modification are important for optimizing biosensor performance. Table 1 compares the performance of representative ZnO nanostructure-based electrochemical biosensors. Most have relatively low K M app values, indicating that the corresponding ZnO nanomaterials retain the enzyme activity. Biosensors possessing 3D spatial ZnO nanostructures usually exhibit wider linear ranges, because the large surface-to-volume ratio of the nanostructure allows more enzyme to be immobilized. Directly growing ZnO nanostructures on electrode substrates typically yields biosensors with faster response times. Transferring nanomaterials to electrode surfaces can give unsatisfactory contact between the ZnO and electrode, which significantly reduces electron transport and gives a slower response. Introducing metal or metal oxide NPs to the ZnO nanostructures can enhance the signal and sensitivity, because of the favorable electrocatalytic properties of the metal or metal oxide. Smaller NPs are more likely to reach active sites deeply embedded within the enzyme. The high conductivity of metal or metal oxide NPs can increase electron communication between the enzymes and the ZnO matrices, which makes it easier to realize DET during the electrochemical process. Introducing CNTs and graphene can give a moderate improvement in biosensor performance, because of their biocompatibility, high chemical and thermal stability, and high electron mobility.
BIOSENSORS BASED ON FIELD EFFECT TRANSDUCTION Field effect transistors (FETs)
Converting a FET into a biosensor normally involves substituting the metal gate electrode with a bio-sensitive interface, which is brought into contact with the analyte solution. Enzyme FETs (ENFETs) have been developed in micron sizes, and exhibit fast responses, label-free analysis capability, ultrahigh sensitivity, real time analysis capability, batch processing capability, and the potential for chip integration [101, 102] . ENFETs are based on ion sensitive FETs (ISFETs). ISFETs exploit the variation in conductance, resulting from a local potential generated by surface ions from a solution. ISFETs are used to measure pH and ionic concentrations (e.g., Na + , K + , Cl − , NH 4 + , Ca 2+ ) [103] . The application of ISFETs as ENFET biosensors is realized when pH changes near the gate are mediated by specific enzymes, in the presence of their substance in a dose-dependent manner [104] . Small molecules including glucose [105] , urea [106] [107] [108] , acetylcholine [109] , creatinine [107] and cholesterol [110] have been widely investigated using ENFETs. Most recent research has focused on silicon nanomaterials [111] [112] [113] , Au nanowires [114] and CNTs [115] [116] [117] , and a few studies have investigated metal oxide semiconductors. Silicon surfaces lack stability and are easily oxidized, which degrades device reliability. Au materials are costly, and challenges with chirality and defection exist for CNTs [118, 119] . Thus, metal oxide semiconductors are promising candidates as FET gate electrode materials for biosensing applications. Fig. 4 shows a single ZnO nanowire immobilized across Ti/Au layered electrodes [120] . The nanowire was prepared in a CVD furnace without catalyst, and the electrode was (Continued)
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prepared by electron-beam lithography. The electrodes were passivated with polymethyl methacrylate (PMMA), to decrease current leakage and the effect of metal-nanowire contact. The characteristics of the fabricated FET were investigated. The drain current vs. drain voltage characteristics were obtained as a function of different gate voltages, and the on/off ratio and transconductance were ~4.6 × 10 6 and ~8.2 nS, respectively. The nanowire was then functionalized with uricase via cross-linking, and applied in the detection of uric acid. The response time of the sensor was in the order of milliseconds, and the detection limit was 1 pM for a 14.7 nS increase in conductance. Thus, the undoped ZnO nanowire with n-type properties could be used as a FET biosensor. Patterned ZnO nanorods hydrothermally synthesized on selected areas were integrated as glucose FET sensors [121] . GOx modified with both covalent and electrostatic bonding has been characterized, and indicated a large amount of GOx was immobilized on the ZnO nanorods. To achieve a real-time response towards cholesterol with high sensitivity, ChOx was immobilized on the active layer of vertically aligned ZnO nanorods, between the source and drain electrodes [110] . The solution-gated FET sensor exhibited a detection limit of ~0.05 μM, and low interference from electroactive species. Extended gate FETs (EGFET) are alternatives to traditional FETs. EGFETs are robust, easily fabricated, and low cost. The extended gate allows the FET to be isolated from the chemical environment, in case of hindering the measurement process. The extended gate arrangement facilitates detection in small sample volumes, illustrating the potential of nanostructures coupled with standard electronic components for biosensing. ZnO nanowires were grown on 250-μm-diameter Ag wire at low temperature, functionalized with GOx [122] , and then used as the extended gate of a commercial metal-oxide-semiconductor field effect transistor (MOSFET) in a glucose biosensor. The electrochemical response on the gate surface induced a voltage change, which modulated the current through the MOSFET. High quality ZnO thin films and nanorods were prepared by a vapor cooling condensation system, and were used as the gate electrode of an EGFET glucose biosensor [123] . A photoelectrochemical method was adopted to improve sensing performance, by passivating dangling bonds and surface states of ZnO nanorod sidewalls. The Fermi level pining effect was therefore diminished, indicating that the sensitivity was improved by the passivated ZnO nanorods.
High electron mobility transistors (HEMTs)
HEMTs with high 2D electron gas (2DEG) mobility and saturation velocity have been applied in sensing platforms [124] [125] [126] [127] [128] . Slight ambient changes affect the surface charges of the HEMT during detection, which are transduced into a change in 2DEG concentration. Thus, the drain current also changes.
AlGaN/GaN HEMT with a high electron sheet carrier concentration channel was used to fabricate a glucose biosensor. The channel was induced by piezoelectric and spontaneous polarization between the AlGaN and GaN layers [125] . To immobilize GOx, the ZnO nanorod array was selectively grown on the gate area, through low temperature hydrothermal decomposition. This also increased the total sensing area (Fig. 5) . The glucose concentration was measured from the drain current with the change in charge of the ZnO nanorods, and the detection signal was amplified through the HEMT. The drain-source current response time was < 5 s, and the detection limit was 0.5 nM. The same HEMT structure was also functionalized with LOD, and used in a lactic acid biosensor [126] . The 
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limit of detection was 167 nM, because of the amplification effect by the HEMT. Ma et al. [127] used a AlGaAs/GaAs HEMT with ZnO nanowires immobilized at the gate region, for lactic acid detection. The electrons in the AlGaAs/ GaAs HEMT could be excited more easily than those in the AlGaN/GaN HEMT, because the energy gap of GaAs (1.42 eV) is narrower than that of GaN (3.44 eV). The addition of a Si-doped GaAs cap layer onto the Si-doped AlGaAs layer enhanced the chemical stability of the gate, and improved the transport of the carrier in the cap layer. A detection limit of 0.03 nM was achieved. The low energy consumption, miniaturization, prompt detection, and low cost of HEMTs make them attractive for further research and development, particularly in medical and bioassay applications. Combining HEMT technology and nanotechnology with biosensing may promote the design and fabrication of electronic biosensing devices.
CHALLENGES AND OUTLOOK
ZnO nanostructures can serve as bridges between biological receptors and transistors. Their advantages include their size scale, specific surface area, electrical conductivity and biocompatibility, which are apparent from their application in electrochemical sensors and field effect transistors. However, many challenges remain in the design of highly efficient, miniaturized, wireless, implantable diagnostic devices. ZnO nanostructures suitable for versatile application should be synthesized, through simultaneously controlling their dimensions, morphologies, and properties. Advanced techniques like electron beam evaporation, molecular beam epitaxy, sputtering, nanoimprint lithography, and phase-shift optical lithography have been used for this purpose. Innovative ZnO-based nanocomposites, such as inorganic-organic and metal-semiconductor hybrids, should be developed, because of their interesting structures and properties resulting from the combination of each component. For example, ZnO/Au hybrids deserve additional attention, since Au nanomaterials are already used in clinical applications. The Schottky barrier that forms at the interface between ZnO and Au can significantly affect electron transport, and may be exploited to facilitate electron transfer between redox enzymes and transducers, thus improving biosensor performance. Nanostructures grown directly on electrodes provide more favorable electron exchange between the electrode and the nanomaterial matrix, than 
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those transferred to electrode surfaces. Thus, nanostructures synthesized in situ on electrodes are preferred for biosensor construction. Perhaps the most important focus should be on the sensitivity of biosensor performance with respect to ZnO nanomaterial morphology. The synthesis of new ZnO nanostructures should be guided by the potential for an improved device. Many biosensors containing ZnO or ZnO-based nanocomposites exhibit DET, without the presence of mediators [9, [11] [12] [13] 54, 57, 60, 61, 77, 78] . Investigating DET is important for understanding the kinetics and thermodynamics of biological redox processes, and for fabricating next-generation biosensors. Enzyme-active centers are typically deeply embedded within the enzyme structure, making it difficult for electrons to transfer to conventional electrodes [129] . However, zero-dimensional (e.g., NPs) and 1D nanomateri als (e.g., nanowires) are of comparable size to the enzyme's redox center, so DET is more easily realized using these matrices. Electrodes modified with CNTs, graphene, and Au NPs have been used to facilitate DET of enzymes. Hybridizing these nanomaterials with nano-ZnO will likely enhance DET, and improve biosensor performance.
The integration of "ideal" ZnO nanostructures must also be considered. It is important to immobilize nanomaterials at specific locations in FET-based devic es. Unfortunately, nanomaterials are frequently randomly spread on electrode surfaces. Techniques for manipulating, locating and immobilizing nanomaterials should therefore be encouraged. These include dielectrophoresis for nanowire alignment, nano-manipulation or scanning probe microscopy for controlling or locating nanomaterials, and focused ion beam for depositing metal layers and thus immobilizing nanostructures.
The fluorescence of ZnO nanocrystals has been exploited using photoluminescence (PL) spectroscopy to realize glucose detection [130] . ZnO NPs were coated with mercaptoundecanoic acid (MUA) via the polyol method. MUA served as a template for synthesizing spherical NPs, and as an organic linker to form bioconjugates with GOx. The PL intensity of the ZnO-MUA-GOx bioconjugates decreased with increased glucose concentration. This was because of collisional quenching by H 2 O 2 produced during glucose oxidation. The degree of PL quenching was proportional to the amount of H 2 O 2 , which in turn was proportional to the glucose concentration. While the upper detection limit was 33.3 mM, the lower detection limit was only 0.33 mM, which is far below the performance of electrochemical transduction or FET-based biosensors. Such optical-based methods remain an area for further exploration. Besides, wurtzite and zinc blend semiconductors such as ZnO usually exhibit piezoelectric properties, which can be exploited to tune the electron transport properties [131] [132] [133] [134] [135] [136] . Yu et al. [137] reported a ZnO nanowire sensor with a metal-semiconductor-metal structure. The sensor was enhanced by the piezotronic effect, and detected the immunoglobulin G-targeted protein. A piezopotential was produced along the c-axis of the ZnO nanowire by applying compressive strain. This tuned the effective height of the Schottky barrier at contact, and influenced the output signal of the device. Exploiting the piezotronic effect of ZnO nanowires increased the device resolution by tens of times, and also improved the detection limit and sensitivity. The piezotronic effect could theoretically be introduced into ZnO-based enzyme biosensors to enhance their performance.
ZnO-enzyme systems offer many advantages for detecting biomolecules, and their continued development will benefit their clinical application. ZnO nanostructure-based enzyme biosensors are easily and cheaply produced, and their performance can satisfy clinical requirements. Commercial developments in ZnO-enzyme-based biosensors are likely in the coming years. The future of biosensing will undoubtedly involve integration and miniaturization. The remote monitoring of glucose has been realized through a functionalized ZnO nanowire array-based biosensor, integrated with a commercial mobile phone [138] . Data can be transferred through the Global System for Mobiles Communications (GSM) network, and then used for centralized monitoring. Such applications can reduce health care costs, and allow caregivers to examine and possibly treat patients from a distance.
CONCLUSIONS
ZnO nanostructures as enzyme matrices show significant potential for use in biosensors. The high performance of ZnO nanostructure-based enzyme biosensors can be attributed to the following points. First, diverse ZnO morphologies prepared from controlled syntheses possess large specific surface area, so they can be used to fabricate devices with different structures. Second, ZnO nanostructures with high IEPs promote the electrostatic adsorption of enzymes. Their biocompatibility also provides a favorable micro-environment for retaining enzyme activity. Third, high crystallinity of ZnO nanostructures can provide direct electron conduction tunnels between the enzyme active sites and electrode surface, without requiring a media tor. Opportunities and inspirations arising from ZnO nanostructures, nanotechnology and enzyme biosensors will advance the biosensor industry.
